In the treatment of carotid atherosclerosis, the rate of stenosis and characteristics of plaque should be assessed to diagnose vulnerable plaques that increase the risk for cerebral infarction. We performed carotid black-blood (BB) MR imaging to diagnose plaque components and assess plaque hardness based on MR signals.
C
arotid atherosclerosis accounts for a large proportion of the causes of cerebral infarction, and accurate diagnostic imaging of carotid stenosis is useful for clarification of the pathogenesis of cerebral infarction and planning of therapy. In the diagnostic imaging of carotid arterial lesions, luminography such as conventional angiography is generally performed to determine the rate of stenosis, and in randomized studies documenting the value of carotid endarterectomy (CEA) in the treatment of carotid atherosclerosis, therapeutic guidelines have been based on stenosis rate. [1] [2] [3] Recent studies have also shown the critical importance of diagnosing vulnerable plaques, which are associated with a higher risk for cerebral infarction, by imaging the carotid artery wall itself and determining plaque characteristics. 4, 5 Therefore, less invasive and more accurate diagnostic modalities such as carotid ultrasonography (US) for plaque evaluation have considerable importance in the management of patients with carotid atherosclerosis. Carotid US has been widely applied to characterize atherosclerotic plaque, and the content of soft plaque (lipid and hemorrhage) is presently associated with echolucency. 6, 7 Furthermore, accumulating evidence indicates that echolucent plaques represent biologically more active disease and are associated with the risk for future stroke. 8, 9 In addition, although carotid artery stent placement (CAS) is becoming an increasingly popular alternative to CEA in the treatment of carotid stenosis, several reports have shown that soft plaques are associated with a high incidence of ischemic complication during CAS. [10] [11] [12] Therefore, accurate diagnosis of carotid soft plaque seems to be of paramount clinical importance. However, carotid US has some limitations because it is difficult to obtain full images on patients who have a short neck, high carotid bifurcation, or highly calcified plaques. 13 The chemical composition and physical properties of tissues can be determined by MR imaging, which indicates that this diagnostic technique should be useful in plaque characterization. Along with recent advances in imaging devices and techniques, many studies have documented the usefulness of high-resolution MR imaging in the diagnosis of plaque. [14] [15] [16] [17] [18] [19] [20] [21] In addition to sorting plaque composition on the basis of MR signal intensity, if soft plaque can be differentiated from nonsoft plaque by overall plaque MR signal intensity, MR imaging will be a simple, objective, and useful method to diagnose carotid atherosclerosis. To our knowledge, however, few studies have closely assessed the MR imaging signals of plaque components by comparing CEA specimens with carotid MR imaging in vivo, 22 and the findings on MR imaging of carotid soft plaque have not been described.
Our study investigates the benefit of carotid black-blood (BB) MR imaging by evaluating the MR signal intensity of the components of carotid plaque and by detecting soft plaque on the basis of overall plaque MR signal intensity.
Methods

Study Population
We examined 70 consecutive patients (61 men, 9 women; median age, 69 years; age range, 53-80 years; symptomatic, 48) who underwent CEA for the treatment of atherosclerotic carotid artery stenosis at our hospital. Symptomatic patients were defined as those who have experienced amaurosis fugax, a transient ischemic attack, or a stroke in the territory of the ipsilateral carotid artery within 6 months. The severity of carotid artery stenosis was evaluated by digital subtraction angiography with the North American Symptomatic Trial Collaborators criteria, 3 and the rate of stenosis was 76.7 Ϯ 1.8% (average Ϯ SD). The inclusion criteria for CEA comprised more than 70% symptomatic and asymptomatic carotid stenoses or more than 50% symptomatic stenoses with recurrent infarcts on the ipsilateral hemisphere refractory to maximal medical treatment. With respect to risk factors for cerebral infarction, the prevalence of hypertension, diabetes, hypercholesterolemia, and coronary heart disease was 72%, 31%, 39%, and 32%, respectively. The local institutional review board approved this study, and all patients provided written informed consent to participate in all procedures associated with the study.
MR Imaging
We performed carotid MR imaging using a 1.5T MR imaging machine (Gyroscan Intera; Philips Medical Systems, Best, the Netherlands) equipped with an 8-cm diameter surface coil. Data were collected from electrocardiogram-gated BB images during the enddiastolic phase when vascular pulsation was minimal. All patients underwent BB-MR imaging within 2 weeks before surgery. A longaxis image of the carotid artery, including a stenotic lesion, was obtained from the BB 3D gradient-echo sequence, and three T1-and T2-weighted short-axis turbo spin-echo (TSE) images of the artery, including the area with the highest stenotic rate for plaque characterization, were obtained on the basis of the long-axis image. The chemical shift selective fat suppression technique of spectral presaturation with inversion recovery (IR) was applied to all BB sequences to suppress excessive MR hyperintensity due to subcutaneous fat tissue. The parameters for the imaging sequences were as follows: long-axis T1-weighted images (3D IR turbo field echo): TR, 10; TE, 2.7; TI, 500; flip angle (FA), 35; 320 ϫ 512 matrix; 1.6-mm section thickness; 150-mm FOV; short-axis T1-weighted images (2D double IR-TSE): TR, 700 -1000; TE, 12; FA, 110; 256 ϫ 256 matrix; 3 mm-section thickness; 150-mm FOV; TR, 1 cardiac cycle (1 R-R interval); short-axis T2-weighted images (2D double IR-TSE): TR, 1500 -2000; TE, 80; FA, 90; 256 ϫ 256 matrix; 3-mm section thickness; 150-mm FOV; TR, 2 cardiac cycles (2 R-R interval).
For short-axis images, the inversion time was the null-point of blood calculated with the following formula:
null-point of blood ϭ T1 blood* (ln2-ln {1 ϩ exp (-TR/T1 blood)}) T1 blood ϭ T1 value of blood (1200 ms).
The quality of the MR images of the carotid artery was assessed by an observer (N.E.), who did not participate in additional analysis of the MR imaging and histologic findings. We excluded MR images of the carotid arterial wall and lumen that were poorly outlined because of motion artifacts and flow artifacts from the study.
Plaque Excision and Histologic Processing
Specimens were excised by CEA without placement of an incision whenever possible for precise comparison of the MR image with the histologic section, and the MR signal intensity of the plaque components was analyzed only with intact plaques. When plaques could not be excised without damage, an additional incision was positioned for internal observation, histologic processing, and analysis of plaque hardness.
Specimens were fixed in formaldehyde, demineralized, and then embedded in paraffin. Plaques from each specimen were sectioned at 2-mm intervals, and then serial 5-m-thick sections from each carotid slab were mounted for comparison with the MR images. Furthermore, sections that matched the MR imaging findings were visualized by staining with hematoxylin-eosin, Masson trichrome, and van Gieson elastic.
Matches Between MR Imaging and Histologic Findings
To measure the MR signal intensity of the plaque components, the MR imaging and histologic findings were precisely compared in 34 specimens that were excised by CEA without placement of an incision in the inner structures of the plaques. We selected sections of plaques corresponding to short-axis MR images based on factors such as distance from the bifurcation of the common carotid artery and the size and shape of the lumen and plaque.
Major components in the selected sections of histologically stained tissues were classified according to Virmani et al 23 by a colleague (K.I.), who was not informed of the MR imaging findings, as fibrous cap (FC), fibrosis mainly consisting of collagen fibers, calcification, myxomatous tissue rich in smooth muscle cells and extracellular matrix such as proteoglycans, lipid core (LC) with relatively fresh and broad intraplaque hemorrhage (IPH), and LC without IPH.
Relatively fresh IPH was defined as plaque components containing hemorrhagic debris and intact or degenerating red blood cells, but without a histologic tissue reaction.
Regions of interest (ROIs) identified as representing FC, fibrosis, calcification, myxomatous tissue, and LC with and without IPH were selected on each histologic section. For each plaque component, a manual operator-defined ROI was drawn on a workstation referring to the histologic features, and the signal intensity at the corresponding location on the matched MR image was measured. Relative signal intensity was then measured for the above 6 plaque components relative to the sternocleidomastoid muscle on T1-weighted images and the submandibular gland on T2-weighted images. Relative signal intensity was calculated with the following formula:
(where rSI indicates relative signal intensity; SI, signal intensity; ref, reference tissue).
Relationship Between Histologic Findings and Symptoms
Relationships between histologic findings and carotid cerebrovascular events were investigated in sections taken at 2-mm intervals from 34 intact specimens as we have described previously ("Matches Between MR Imaging and Histologic Findings"). We compared FC disruption, fibrosis, calcification, myxomatous tissue, and LC with and without IPH between symptomatic and asymptomatic patients.
Correlation Between MR Signal Intensity and Plaque Hardness
We investigated whether plaque hardness could be estimated on the basis of MR signal intensity in 70 CEA specimens. We measured relative overall plaque MR signal intensity with manual operator-defined ROIs drawn over the whole plaque except for the lumen on short-axis MR images of areas with the highest rate of stenosis. As we have described previously, the reference tissue was the sternocleido-mastoid muscle on T1-weighted images and the submandibular gland on T2-weighted images.
Relative overall plaque MR signal intensity was calculated with the following formula: Plaque hardness was classified into 2 groups by a colleague, who was not informed of the MR findings, and on the basis of histologic results of sections of the most stenotic areas. Soft plaque was defined as a lesion containing fibrous tissue, myxomatous tissue, or calcification in less than 50% of the plaque area with the highest rate of stenosis. Nonsoft plaque was defined as plaque that contained fibrous tissue, myxomatous tissue, or calcification in 50% or more of the plaque area. Plaque hardness was compared with the roSI value.
Relationship Between MR Signal Intensity and Symptoms
We examined the relationship between MR signal intensity and the risk for cerebrovascular events in 70 patients, as we have described previously ("Correlation Between MR Signal Intensity and Plaque Hardness"). Differences in the roSI values on T1-and T2-weighted images between symptomatic and asymptomatic patients were assessed.
Data Analysis
We performed all statistical analyses using SPSS 12.0 for Windows (SPSS, Chicago, Ill). The relative MR signal intensity is expressed as mean Ϯ SD. Statistical differences in the rSI of plaque components were analyzed by the Tukey multiple-comparison post hoc test for T1-weighted images and by Tamhane multiple-comparison test for T2-weighted images. We analyzed the statistical differences in the relationship between roSI and plaque hardness and symptoms using the Student t test. We applied the 2 test for independence to assess the influence of plaque components on symptoms and thus determine associations between histologic findings and symptoms. The level of significance was established at P Ͻ .05. We then calculated the sensitivity and specificity of the roSI in detecting soft plaque using histologic findings as the criterion standard.
Results
MR Signal Intensity of Plaque Components
Of the 34 intact plaques, 2 were excluded because of poor quality on MR imaging, and of the 96 MR images obtained from the remaining 32 patients, we analyzed 61 that were judged as matching histologic sections. Based on the histologic findings of 61 sections that matched the MR images, we identified 154 major plaque components. We confirmed FC on 23 sections, fibrosis on 36, calcification on 11, myxomatous tissue on 7, LC with IPH on 50, and LC without IPH on 27.
On T1-weighted images, the rSI for FC was 0.702 Ϯ 0.208; for fibrosis, 1.099 Ϯ 0.312; for calcification, 0.717 Ϯ 0.215; for myxomatous tissue, 1.201 Ϯ 0.255; for LC with IPH, 1.569 Ϯ 0.251; and for LC without IPH, 1.287 Ϯ 0.225. On T1-weighted images, rSI significantly differed among most components, but not between FC and calcification, fibrosis and myxomatous tissues, fibrosis and LC without IPH, and myxomatous tissue and LC without IPH (Fig 1) .
On T2-weighted images, the rSI for FC was 0.590 Ϯ 0.143; for fibrosis, 0.909 Ϯ 0.369; for calcification, 0.287 Ϯ 0.066; for myxomatous tissue, 1.826 Ϯ 0.565; for LC with IPH, 1.070 Ϯ 0.599; and for LC without IPH, 0.904 Ϯ 0.546. On T2-weighted images, rSI significantly differed between FC and the other components except for LC without IPH, and between calcification and the other components (Fig 1) .
The accompanying 
Relationship Between Histologic Findings and Symptoms
Of the 34 specimens that were excised by CEA without placement of an incision in the inner plaque structures, 21 and 13 plaques were from symptomatic and asymptomatic patients, respectively. We confirmed FC disruption in 16 and 2 symptomatic and asymptomatic plaques, respectively. Fibrosis was the major component of 12 and 10 symptomatic and asymptomatic plaques, respectively; calcification in 11 and 6; myxomatous tissue in 7 and 3; LC with IPH in 20 and 8; and LC without IPH in 14 and 8, respectively. With respect to the association between carotid cerebrovascular events and the 6 plaque components, differences were significant only in FC disruption (P Ͻ .001) and in LC with IPH (P Ͻ .05) between symptomatic and asymptomatic patients. The rSI of plaque components on T1-and T2-weighted images. With use of specimens with matching MR images and excised plaque sections, the rSI of plaque components was calculated in relationship to the sternocleidomastoid muscle on T1-weighted images and the submandibular gland on T2-weighted images. On T1-weighted images, rSI significantly differed among most components, but not between FC and calcification, fibrosis and myxomatous tissues, fibrosis and LC without IPH, and myxomatous tissue and LC without IPH. On T2-weighted images, rSI significantly differed between FC and the other components except for LC without IPH, and between calcification and the other components. Bars indicate SD. FC indicates fibrous cap; Calc., calcification; MT, myxomatous tissue; LC-IPH(ϩ), LC with intraplaque hemorrhage; and LC-IPH(-), LC without intraplaque hemorrhage. When the roSI cutoff value on T1-weighted images was set at 1.25 (mean of roSI), the soft plaques were diagnosed with 79.4% sensitivity and 84.4% specificity.
Findings on MR imaging of plaque components
Relationship Between MR Signal Intensity and Symptoms
We examined the relationship between symptoms and MR signals in 44 symptomatic and 22 asymptomatic patients. The roSI values from symptomatic and asymptomatic patients on T1-weighted images were 1.30 Ϯ 0.35 and 1.15 Ϯ 0.31, respectively, and those on T2-weighted images were 0.83 Ϯ 0.30 and 0.98 Ϯ 0.43, respectively. The roSI was significantly higher on T1-weighted images of symptomatic, rather than asymptomatic, patients, but the roSI on T2-weighted images did not significantly differ between the 2 groups.
Discussion
Plaque characteristics in addition to rate of stenosis play important roles in the diagnostic imaging of atherosclerotic lesions. In consideration of the onset risk for cerebral infarction in the carotid artery, not only the shape of the vascular lumen, but also the vascular wall, should be assessed. 5 Carotid US has been widely applied to characterize atherosclerotic plaque, though this procedure sometimes has limitations. Among the components of soft plaque, differentiation between IPH and the LC by carotid US is less robust, and plaque visualization itself can be incomplete when atherosclerosis is heavily calcified. The chemical composition and physical properties of tissue can be diagnosed by MR imaging with high-contrast resolution. Furthermore, image interpretation is highly objective compared with carotid US. Thus, MR imaging has been considered useful in plaque characterization, and many studies have examined findings on MR imaging associated with carotid plaques. [17] [18] [19] [20] [21] [22] 24, 25 Here, we confirmed the characteristic MR imaging findings of 6 plaque components and the ability of BB-MR imaging to accurately and noninvasively project histologic findings by combining the rSI values on T1-and T2-weighted images (Fig  1) .
The status of FC has a major impact on the stability of plaques, 23, 26, 27 and its accurate assessment is of paramount clinical importance. The MR signals of FC were hypointense on both T1-and T2-weighted BB-MR imaging, which closely correlated with the histologic findings. However, taking into consideration that FC is attenuated collagen fiber adjacent to lumen, distinguishing between FC and lumen by BB-MR imaging might be difficult. Furthermore, when attenuated calcification, which appears as hypointensity on both T1-and T2-weighted images, is located close to FC, BB-MR imaging alone could not accurately characterize plaques. Therefore, the combination of BB-MR imaging and other sequences such as MR imaging with the 3D time-of-flight protocol reported by Hatsukami et al 28 seems necessary for precise FC evaluation. The MR imaging findings of LC among different studies are inconsistent. This might be partly because the composition of tissues that are classified as LC obviously differs according to the stages of atherosclerotic changes. In particular, LC is often accompanied by IPH in advanced atherosclerotic lesions, which clearly affects MR imaging signals. Hematoma associated with intracerebral bleeding, which has a relatively even composition, differs from IPH in that IPH is uneven and has a mixed LC content and blood components, and time after bleeding further complicates MR imaging findings of LC. 24 Many symptomatic lesions are accompanied by intraplaque hemorrhagic changes, 24, [29] [30] [31] and we classified LC as that with and without IPH in our study. A remarkably high rSI on T1-weighted images was characteristic of LC with IPH.
Some myxomatous tissues can appear in plaques during tissue repair processes after FC rupture and also in restenotic tissue after endovascular therapy for stenotic lesions. 32, 33 However, we found that plaque could sometimes be composed of myxomatous tissue (Fig 4) , which was isointense on T1-weighted images and obviously hyperintense on T2-weighted images, reflecting water molecules captured by extracellular matrix components, mainly proteoglycan. From the viewpoint of the natural history of plaques mostly comprising myxomatous tissue, the stenotic rate can rapidly increase because many smooth muscle cells are highly polymorphic and proliferative. 33 Hence, even asymptomatic lesions require careful follow-up. In addition, even if CAS is performed on such patients, the predicted rate of restenosis will be high, and as a result, careful investigation is required in the event of obvious hyperintensity on T2-weighted images.
A thin or disrupted FC and IPH are important components of vulnerable atherosclerotic plaque. 34, 35 Although the sample size was small, our study demonstrated that symptomatic plaques more frequently contained FC disruption and LC-IPH among 6 plaque components. Despite some limitations in the evaluation of FC status as noted above, BB-MR imaging seems to be useful in the detection of vulnerable plaques A high roSI on T1-weighted images indicated soft plaques with a high degree of sensitivity and specificity. On the basis of the rSI of plaque components, high-average T1-weighted signal intensities indicated plaques comprising LC with a large quantity of relatively fresh IPH. Although the notion that soft plaque actually refers to LC is generally accepted, we postulate that the presence of broad IPH substantially indicates large LC because IPH is, in fact, uneven and coexists with LC on histologic sections. Although CAS has recently been developed as a potential alternative to CEA because it is less invasive, distal embolization from carotid plaque remains the most formidable complication of CAS. Several studies have demonstrated that soft plaques are associated with a high incidence of embolization during CAS. [10] [11] [12] Therefore, accurate and objective diagnosis of soft plaque with roSI of BB-MR imaging would be clinically useful for the planning of carotid revascularization. One possible problem with assessment of hardness by roSI is that soft plaques cannot be diagnosed when plaques are composed of large LC without IPH, because the rSI of LC without IPH is not necessarily high on T1-weighted images based on the rSI of plaque components.
The roSI on T1-weighted images was significantly higher in symptomatic than in asymptomatic plaques. This probably reflects the fact that vulnerable plaques are closely related to IPH. [34] [35] [36] Furthermore, the finding that the roSI on T1-weighted images was high in both soft and symptomatic plaques seems to be supported by several reports indicating a relationship between plaque hardness and vulnerability. 8, 9 In contrast to T1-weighted images, the roSI of asymptomatic plaques on T2-weighted images tended to be high, though the difference did not reach significance. Thus, the rSI findings of plaque components indicate that asymptomatic plaques contain much myxomatous tissue, which emerges during healing after FC disruption and contributes to plaque stabilization.
Our study had several limitations. With respect to the parameters for BB imaging sequences, TR and TE in the T1-weighted sequences are relatively long for cardiac gating, and the proton concentration and T2 value of the tissue might influence T1 signal intensity. In a similar fashion, the relatively short TR and TE used in the T2-weighted sequence might influence T2 signal intensity. This is an unavoidable limitation for BB sequences, but it does not seem to constitute a serious disadvantage because the distribution of signal intensity on standard T1-and T2-weighted BB images still has practical value. One possible limitation of measuring T2-weighted MR signal intensity could be age-related variation in the signal intensity of the submandibular gland. Although the sternocleidomastoid muscle is generally the standard reference, the disadvantage is that the signal intensity of muscles on T2-weighted images is too low to obtain a reliable relative MR signal intensity. We used the submandibular gland as the internal reference because its signal intensity was constantly higher than that of the sternocleidomastoid muscle on T2-weighted images. With regard to the MR signal intensity of plaque components, we confirmed significant differences in rSI among many of them. However, the P value for differences might be overly optimistic because the numbers of MR sections obtained from each patient were unequal, and correlations among sections from the same patient were not taken into account.
We used a 1.5T MR instrument and a surface coil, which resulted in a spatial resolution of approximately 600 m, but one of the diagnostic criteria for vulnerable carotid plaques is the presence of thin FCs that are less than 200 m. 5 Hence, detecting thin FCs is presently difficult. Additional improvements in the spatial resolution of high-magnetic-field MR imaging might allow the future diagnosis of thin FCs. In scanning time, imaging that combines 2D SE and cardiac gating requires approximately 1 minute to obtain a single section. Therefore, to obtain several images of a single lesion is time consuming and difficult. Other investigations of plaques have shown that histologic findings can remarkably differ with only slight differences in location, and as in our study, plaque characterization might be insufficient if based on only 3 images per plaque. Also, evaluation of plaque hardness on the basis of roSI only for 1 MR section of the most stenotic area might not accurately reflect actual plaque hardness. Hence, an efficient plaque imaging technique on MR imaging should be established by a combination of 3D gradient-echo scanning with an even shorter scanning time.
Conclusions
Our study compared the BB-MR imaging findings with the histologic findings of CEA specimens. The results suggested that BB-MR imaging can diagnose plaque components and predict plaque hardness with a high degree of accuracy. This procedure provides very useful information not only for the planning of therapeutic strategies for carotid artery stenosis, but also for clarification of the pathogenesis and natural history of plaques.
